Abstract Osteoporotic fractures result in significant morbidity and mortality. Anabolic agents reverse the negative skeletal balance that characterizes osteoporosis by stimulating osteoblast-dependent bone formation to a greater degree than osteoclast-dependent bone resorption. Parathyroid hormone (PTH) and parathyroid hormone-related protein (PTHrP) are peptide hormones, which have anabolic actions when administered intermittently. The only FDA-approved anabolic bone agent for the treatment of osteoporosis in the United States is PTH 1-34, or teriparatide, administered by daily subcutaneous injections. However, PTH 1-84 is also available in Europe. Synthetic human PTHrP 1-36 and a PTHrP 1-34 analog, BA058, have also been shown to increase lumbar spine bone density. These agents and several other PTH and PTHrP analogs, including some which are not administered as injections, continue to be investigated as potential anabolic therapies for osteoporosis.
Introduction
Osteoporosis is a disorder characterized by compromised bone strength, which increases risk of fragility fractures. A patient with osteoporosis may have a lifetime fracture risk as high as 40 %. Osteoporotic fractures impair mobility, independence, and quality of life; fractures of the hip also increase mortality by up to 20 % [1] . Bone mineral density (BMD) as assessed by dual x-ray absorptiometry (DXA) is the most reliable test available to estimate bone strength [2] . The World Health Organization defines osteoporosis as BMD 2.5 standard deviations below the mean for young healthy women (a T-score of < -2.5 SD) [3] .
Osteoporosis typically occurs in a state of negative skeletal balance in which bone resorption exceeds bone formation. The most commonly used medications for treatment of osteoporosis are antiresorptive agents, including the bisphosphonates, estrogen, selective estrogen receptor modulators, and denosumab, which address this imbalance by inhibiting osteoclast-mediated bone resorption [4] . The antiresorptive agents increase bone density by decreasing the number of bone remodeling units and allowing for mineralization of osteoid. In doing so they, particularly the bisphosphonates, significantly reduce the risk of vertebral fractures in osteoporotic patients by about 40 %-50 % and hip or non-spine fractures by 20 %-30 % [5] [6] [7] [8] [9] . Although the antiresorptives increase BMD and reduce fracture, they do not stimulate new bone formation and are therefore limited in their capacity to restore bone architecture.
In contrast to the antiresorptive agents, anabolic agents can directly stimulate osteoblastic formation of new bone. The only anabolic agent currently FDA-approved in the United States is parathyroid hormone (1-34) (PTH 1-34), or teriparatide. However, full-length recombinant human parathyroid hormone (PTH 1-84), is also available for treatment of postmenopausal osteoporosis in many European countries [10, 11] . While both PTH 1-34 and PTH 1-84 stimulate osteoblast-mediated bone formation, they also stimulate osteoclast-dependent bone breakdown, albeit to a lesser degree. The ideal agent for treatment of osteoporosis would be purely anabolic, stimulating bone formation without stimulating resorption. Thus, there has been much recent interest in studying other PTH and parathyroid hormone-related protein (PTHrP) analogs as potential pure anabolic agents.
Physiology
Parathyroid hormone is an 84-amino acid polypeptide, which is secreted by the parathyroid glands in response to decreases in calcium concentration. Its main actions are to increase renal tubular calcium reabsorption, to stimulate renal calcitriol, or 1,25 dihydroxyvitamin D, production thereby indirectly increasing intestinal calcium absorption, and to regulate bone remodeling [12] . Its ligand is the PTH -1 receptor, a G protein-coupled receptor expressed primarily in kidney and bone [11, 13] . PTH results in an increase in the number of bone-forming cells by promoting osteoblast growth and decreasing osteoblast cell death or apoptosis [13] . Interestingly, PTH also stimulates osteoclastogenesis. Mice that do not have osteoclasts do not respond to PTH, suggesting that osteoclast activity is required for PTH to have its full anabolic action [11] . In addition, PTH regulates certain skeletal growth factors (such as IGF-1) and growth factor antagonists (such as sclerostin) to further promote the building of bone [13] .
Parathyroid hormone stimulates both osteoclast-mediated bone resorption and osteoblast-mediated bone formation. This increased bone turnover is evidenced by marked increases in biochemical markers of both bone formation and resorption beginning soon after administration [12] . The predominant skeletal action of PTH depends on the pattern of administration [14] . Short-term or intermittent exposure to PTH, as occurs after a single subcutaneous injection, leads to a predominance of osteoblast-mediated bone formation. This bone formation occurs in cortical bone and to a lesser extent trabecular bone [15, 16] . In contrast, continuous administration of PTH or persistently high PTH levels, as occurs in primary hyperparathyroidism, results in predominance of osteoclastmediated bone resorption and consequent net bone loss [17, 18] . The anabolic response to daily transient peak levels of PTH is the greatest during the first 6-12 months of therapy, the anabolic window, and subsequently tends to wane as bone resorption increases to match the increased bone formation [19•] . The mechanisms determining whether PTH has anabolic or catabolic actions are not known as the skeletal effects of PTH are complex and not yet completely understood.
Parathyroid hormone-related protein (PTHrP) is widely expressed in normal tissues throughout development, though it does not normally appear in the circulation except during lactation. PTH and PTHrP have significant homology in the N-terminal region, allowing them to bind to the same PTH -1 receptor, though each protein favors a different conformational state, resulting in somewhat different downstream effects on calcium metabolism [20, 21••] . PTHrP acts as a paracrine and autocrine factor to regulate cellular growth, differentiation, development, and cell death as well as epithelial calcium transport in cartilage, bone, mammary glands, and a variety of other tissues [21••, 22] . Studies in mice have demonstrated that PTHrP is required for normal bone development [23] . PTHrP also plays a role in mobilizing calcium during lactation [22] .
Similar to PTH, continuous secretion of PTHrP causes a pathological state, humoral hypercalcemia of malignancy, which is characterized by hypercalcemia and increased bone resorption. Continuous infusion of both PTHrP and PTH result in elevated serum calcium levels, decreased renal calcium excretion, an increase in markers of bone resorption and a decrease in markers of bone formation [24] . In contrast, intermittent administration of PTHrP (1-36) has been found to increase bone mass in rodents [25, 26] and in humans [27, 28••] , and some data suggest that intermittent PTHrP may be more purely anabolic than PTH [27, 29] .
PTH Analogs as Therapeutic Agents
Teriparatide (PTH 1-34) is approved in the United States for treatment of osteoporosis in those at high risk of fracture including postmenopausal women, men with primary or hypogonadal osteoporosis, and men and women with glucocorticoid-associated osteoporosis [30] . In postmenopausal women with osteoporosis, the risk of vertebral fractures was decreased by 65 % and risk of nonvertebral fractures was decreased by 53 % with teriparatide 20 μg/day treatment compared with placebo. Increases in vertebral and femoral bone mineral density were also observed [31] .
Adverse events with teriparatide include hypercalcemia in approximately 10 % of patients. The hypercalcemia generally occurs within the first 6 months of treatment and is usually easily corrected with reduction of calcium and vitamin D supplementation. Calcium levels greater than 11 mg/dl have been reported in less than 1 % of patients treated [31, 32] . Other adverse events associated with teriparatide use include orthostasis, dizziness, muscle cramps, and injection site reactions. Due to concern for osteosarcoma, a black box warning advises against teriparatide use in patients with risk factors for osteosarcoma such as Paget's disease of the bone, unexplained elevations of alkaline phosphatase, pediatric and young adult patients with open epiphyses, or prior external beam or implant radiation therapy involving the skeleton. Other contraindications include skeletal malignancies or bone metastases, hypercalcemic disorders such as primary hyperparathyroidism, and renal failure [30] . Teriparatide can increase urinary calcium and serum uric acid levels, so its use should be avoided in patients with history of nephrolithiasis or gout unless careful monitoring of the appropriate laboratory values is done [12] .
Another form of parathyroid hormone available for therapeutic use in Europe but not in the United States is PTH 1-84. Daily subcutaneous injection of PTH 1-84 100 μg for 18 months has been shown to reduce the risk of new or worsened vertebral fractures by 58 % in postmenopausal women with osteoporosis. Despite increases in BMD at the hip as well as spine, incidence of nonvertebral fractures in the subjects receiving PTH 1-84 was similar to placebo [33] . Since PTH 1-84 does not have superior effects on fracture risk compared with teriparatide and since there is higher frequency of hypercalcemia and hypercalciuria [10] , approval as a treatment for osteoporosis in the United States is no longer being sought. Interestingly, in a recent study using highresolution peripheral quantitative computed tomography (HR-pQCT) to characterize bone microarchitecture and estimated strength in postmenopausal osteoporotic women treated with PTH 1-34 or PTH 1-84 for 18 months, cortical thickness and trabecular number increased in the tibia with both agents. Estimated bone strength was preserved with PTH 1-34 but decreased with PTH 1-84 at the radius and tibia [34••] .
Although PTH 1-84 is not available in the United States for the treatment of osteoporosis, there are ongoing studies exploring the role of PTH 1-84 as a treatment for patients with hypoparathyroidism. PTH 1-84 has a slightly longer half-life than PTH 1-34, which is a disadvantage for treating osteoporosis and may account for the increase in hypercalcemia but may be advantageous in treating hypoparathyroidism [35•] .
Treatment with both teriparatide and recombinant human intact hormone 1-84 is limited to 18-24 months since safety and efficacy were not evaluated beyond 2 years in clinical trials. Initial preclinical studies demonstrated risk of osteosarcoma in rats with prolonged, high-dose use [36] , leading to the recommendation to limit exposure to a maximum of 2 years [37•]. Though 3 cases of osteosarcoma in patients using teriparatide have been reported [19•] , the incidence of osteosarcoma in patients using teriparatide appears similar to that in the general population. Furthermore, after the first year of intermittent PTH administration, bone turnover markers begin to plateau and then decline, suggesting that after a certain duration of therapy, gains in bone mass decrease [38] .
In contrast to bisphosphonates, which continue to act on bone after administration is stopped, the protective effects of PTH begin to decline soon after the medication is discontinued if alternative therapy is not started [39] [40] [41] .
Ideally, teriparatide should be administered prior to use of bisphosphonates, particularly in patients with preexisting osteoporotic fractures or very low bone density, as bisphosphonates seem to delay the anabolic response to teriparatide [42] [43] [44] . However, it is often difficult to obtain insurance coverage for teriparatide until a treatment course of a bisphosphonate has been tried and failed. In the European Forsteo Observational Study, postmenopausal women with osteoporosis and prior bisphosphonate use were followed for up to 18 months of teriparatide treatment and up to 18 months afterwards. The odds of vertebral and non-vertebral fragility fractures progressively decreased during this period; compared with the first 6 months of teriparatide treatment, there was a 37 % decrease in the adjusted odds of fracture during the final 6 months of teriparatide treatment. Even after teriparatide treatment was discontinued, odds of fracture were 76 % lower than during the first 6 months of treatment, although many of the patients resumed use of an antiresorptive drug after completing the course of teriparatide [45] . Thus, use of teriparatide can reduce fracture risk despite prior bisphosphonate treatment, though the response to teriparatide may be delayed.
In terms of starting bisphosphonate and teriparatide simultaneously in treatment-naïve patients, clinical studies suggest that a single infusion of zoledronic acid plus daily teriparatide increases BMD at the hip and spine more than either therapy alone [46• ]. This finding does not appear to extend to concomitant use of teriparatide and other bisphosphonates [47, 48] . Due to cost and lack of fracture data, it is most common to use the agents sequentially rather than simultaneously except in the most severe cases of osteoporosis.
Data is conflicting regarding the effects of re-administering teriparatide after completing 1 course of therapy. One recent study showed significant increases in spine BMD with teriparatide retreatment after a 12 month hiatus, during which they were on alendronate alone. In that study, by Cosman et al mean spine BMD increased 6.2 % after the first 15 months of daily teriparatide treatment and 4.7 % after retreatment for an additional 15 months [49] . Another study showed an attenuated BMD response to re-administration of teriparatide after a 12 month hiatus, though the initial increases in BMD in this study were greater [39] .
PTHrP Analogs
PTHrP was initially identified as the cause of humoral hypercalcemia of malignancy, a condition characterized by unopposed bone resorption [22] . Since PTHrP binds the PTH-1 receptor and activates signal transduction with equal potency to PTH, we sought to determine whether PTHrP might also act as a skeletal anabolic agent if administered intermittently. In an initial clinical trial in 16 healthy postmenopausal women with osteoporosis, women were randomized to receive daily subcutaneous injections of synthetic human PTHrP 1-36 (6.56 μg/kg) or placebo for 3 months. All subjects were on hormone replacement therapy, which was continued and received supplementation with vitamin D and calcium beginning at least 2 weeks before starting the study drug or placebo injections. Lumbar spine BMD increased 4.7 % from baseline in patients on PTHrP 1-36. Markers of bone formation were increased whereas markers of bone resorption were unchanged, suggesting that PTHrP 1-36 might have purely anabolic effects on bone and might lack the concomitant increase in bone resorption seen with PTH in this select population [27] . A subsequent dose escalation study demonstrated that at doses as high as 750 μg/day, bone formation was selectively activated [29] .
A recent study by our group compared daily subcutaneous injections of synthetic human PTHrP 1-36 with PTH 1-34 for 3 months in postmenopausal women with osteoporosis or low BMD who had not recently received other osteoporosis treatment [28••] . While PTH induced a greater increase in markers of both bone formation and resorption, PTHrP (at 400 and 600 μg doses) and PTH resulted in equivalent significant increases in lumbar spine BMD. Although there was no significant difference between groups in hip BMD, only the PTHrP groups had a significant increase in hip BMD (Fig. 1) . The incidence of mild hypercalcemia was somewhat greater with PTHrP 1-36 than for PTH 1-34 indicating that further studies are needed to determine the ideal dose and role of PTHrP 1-36 for the treatment of postmenopausal osteoporosis [28••] .
A novel PTHrP 1-34 analog, BA058 (Radius Health Inc), is currently undergoing phase 3 clinical trials as a therapy for postmenopausal women with severe osteoporosis [50] . Phase 2 trials showed improvements of spine BMD at 24 weeks of 5.2 % and 6.7 % with BA058 40 and 80 μg respectively, compared with 1.6 % improvement with placebo and 5.5 % improvement with teriparatide. After a 24-week extension phase in 20 %-30 % of subjects, further increases in spine BMD and an increase in total hip BMD were also noted. The most common adverse events were influenza and headaches; serum calcium levels were higher with teriparatide compared with BA058 [51] .
Future Therapeutics
Animal studies and numerous case reports suggest that teriparatide and PTH 1-84 may accelerate fracture healing. The case reports have used recombinant PTH for durations between 2 months and 2 years for a variety of acute fractures and particularly cases of delayed unions [52•]. Aspenberg et al conducted the only randomized, placebo-controlled trial published to date examining use of teriparatide 20 or 40 μg daily for an 8 week course beginning 1 week after fracture. One hundred and two postmenopausal women were followed for 44 weeks after the teriparatide or placebo course was completed. The only significant difference in median time to cortical bridging of 3 of 4 cortices was between the 20 μg groups. Total hip and femoral neck BMD increased equivalently in all 3 groups, but was significant only for the 2 PTHrP(1-36) groups (P <0.05 vs baseline) at the total hip, and for the PTHrP(1-36) 400 μg group at the femoral neck (P <0.05 vs baseline). Results are presented as percent change from baseline. Modified with permission from the American Society for Bone and Mineral Research [28••] group and placebo (7.4 and 9.1 weeks, respectively). Interestingly, there was no significant difference in time to cortical bridging between teriparatide 40 μg/day and placebo [53] . A trial by Peichl et al. using PTH 1-84 100 μg vs placebo in postmenopausal women with pelvic fracture showed mean time to fracture healing was 7.8 weeks in the treatment group, significantly shorter than 12.6 weeks in the control group [54] . These studies suggest that some reduction in fracture healing time can be achieved with daily PTH administration. Larger randomized controlled trials are needed to determine the optimal duration of therapy, timing of initiation, and expected outcomes. Furthermore, it remains to be determined whether the relatively minor improvements in healing time provide a sufficient cost benefit to warrant expensive treatment with daily PTH. These authors believe that it is likely that, in the near future, the anabolic agents may have a greater role in enhancing healing in patients with non-union rather than in acute fracture care.
Both of the currently available PTH analogs are administered as daily subcutaneous injections. In the TOWER phase 3 clinical trial an alternate dosing regimen of once-weekly injections of teriparatide 56.5 μg for 72 weeks reduced fracture risk by 80 % compared with placebo. BMD was increased by 6.4 % at the lumbar spine, 3.0 % at the total hip, and 2.3 % at the femoral neck after 72 weeks of treatment compared with placebo [55] . Reduced fracture risk was maintained after treatment, and BMD gains were maintained in patients started on bisphosphonate treatment [56] . This study suggests that once-weekly teriparatide injections may be an alternative regimen for osteoporosis treatment.
Although oral administration would be more convenient for patients, as a peptide, PTH is susceptible to degradation by proteases and does not diffuse easily though the intestinal wall. Any form of PTH or PTHrP used as therapy for osteoporosis must have a pharmacokinetic profile that results in a rapidly reached peak level with a brief half-life to take advantage of the anabolic window as discussed above. Nevertheless, an oral tablet formulation of recombinant human PTH has been shown to result in 2.2 % increase in lumbar spine BMD over 24 weeks of administration compared with 5.1 % increase in the PTH 1-34 arm [57] . An oral version of PTH 1-34 is also being developed [58] .
A number of agents with alternate delivery routes are currently being investigated as well. A transdermal patch, which is worn for 30 minutes daily, has been tested as a delivery system for teriparatide. The 40 μg patch increased total hip BMD compared with both placebo and 20 μg subcutaneous injection after 6 months of treatment without prolonged hypercalcemia [59] . A short wear time transdermal patch for BA058 is also being developed. In addition, a nasal spray and an implantable microchip have also been tested as alternative means of administering daily doses of PTH 1-34 [60, 61] .
Conclusions
Anabolic agents, which stimulate bone formation to a greater degree than bone resorption are the ideal therapies for patients with osteoporosis. As the only anabolic agent currently FDAapproved, teriparatide has been an effective treatment for osteoporosis, offering a significant reduction in fracture risk with an excellent safety profile in the decade since it came on the market. However, teriparatide and PTH 1-84 stimulate bone resorption as well as bone formation, both have reduced efficacy after a certain duration of therapy, and they can be inconvenient to administer as daily subcutaneous injections. Further investigation of other PTH and PTHrP analogs is warranted, as they have the potential to act as alternate anabolic skeletal agents, which might overcome some of the issues of current therapies.
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